The structure of the RNA-dependent RNA polymerase (RdRP) from the rabbit hemorrhagic disease virus has been determined by x-ray crystallography to a 2.5-Å resolution. The overall structure resembles a "right hand," as seen before in other polymerases, including the RdRPs of polio virus and hepatitis C virus. Two copies of the polymerase are present in the asymmetric unit of the crystal, revealing active and inactive conformations within the same crystal form. The fingers and palm domains form a relatively rigid unit, but the thumb domain can adopt either "closed" or "open" conformations differing by a rigid body rotation of ϳ8 degrees. Metal ions bind at different positions in the two conformations and suggest how structural changes may be important to enzymatic function in RdRPs. Comparisons between the structures of the alternate conformational states of rabbit hemorrhagic disease virus RdRP and the structures of RdRPs from hepatitis C virus and polio virus suggest novel structure-function relationships in this medically important class of enzymes. acid; r.m.s.d., root mean squared difference; PV, polio virus; HIV, human immunodeficiency virus; RT, reverse transcriptase.
Rabbit hemorrhagic disease virus (RHDV) 1 belongs to the Caliciviridae family of positive-stranded RNA viruses and causes a highly contagious and lethal disease in rabbits (1, 2) . First described in China in the 1980s, RHDV has spread at an alarming rate in the rabbit population throughout Asia, Europe, and Australia. Caliciviruses cause a number of severe diseases in other mammals; in humans, Norwalk viruses are responsible for ϳ95% of cases of non-bacterial gastroenteritis and represent a growing public health problem in need of new, more effective treatments (3) . Caliciviruses are also closely related to the picornaviruses (e.g. polio virus, rhinovirus, and foot-and-mouth disease virus) and to the flaviviruses (e.g. hepatitis C, dengue, and yellow fever viruses), which cause many serious diseases in humans and other mammals.
A virally encoded RNA-dependent RNA polymerase (RdRP) is the central enzyme responsible for replicating the genomic RNA of caliciviruses and other positive-stranded RNA viruses (4) . The RHDV RdRP has been produced in Escherichia coli and has been shown to efficiently synthesize RNA from RNA primer-template duplexes in the presence of divalent cations and ribonucleoside triphosphates (5) (6) (7) . Sequence analysis and sitedirected mutagenesis studies of RdRPs from a wide spectrum of positive-stranded RNA viruses (4) , as well as the crystal structures of RdRPs from polio virus (PV) (8) and hepatitis C virus (HCV) (9 -11) , suggest that the members of this large family of enzymes share a common architecture and enzymatic mechanism. Structural and enzymological studies on a wide range of RdRPs are beginning to reveal the essential features of RdRP function, and it is hoped that this body of molecular information will facilitate the design of more effective treatments for viral diseases.
Although the previously determined crystal structures of the PV and HCV RdRPs have shed light on the structural basis of polymerase function, many important questions remain to be addressed. Most importantly, the pair of metal ions seen in the active sites of catalytically active DNA polymerases was not present in any of these structures (the HCV RdRP⅐Mn 2ϩ ⅐UTP complex structure has been determined to 2.7 Å, but details are not given (9) ). As a result, the details of interactions between RdRPs, RNA primer-template duplexes, nucleoside triphosphates, and metal ions can only be modeled based on the structures of more distantly related DNA polymerases, DNAdependent RNA polymerases, and reverse transcriptases (12) (13) (14) . Further work is also needed to elucidate how RdRPs initiate RNA replication through a series of interactions with the RNA genome and accessory proteins (15) (16) (17) .
As a step toward understanding the structural basis of RNA replication in positive-stranded RNA viruses, we have deter- ʈ To whom correspondence should be addressed: E-mail: Michael. James@ualberta.ca. 1 The abbreviations used are: RHDV, rabbit hemorrhagic disease virus; RdRP, RNA-dependent RNA polymerase; HCV, hepatitis C virus; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic mined the structure of the RHDV RdRP to a 2.5-Å resolution. The complete structure of the enzyme has been determined in two independent copies in the asymmetric unit, which reveal the polymerase in both active and inactive conformations. Divalent metal ions are bound to the enzyme under physiological ionic strength conditions, and the active site cleft is open to the binding of RNA primer-template duplexes. Comparisons between the RHDV RdRP structure and the previously determined structures of PV and HCV RdRPs indicate that conformational changes similar to those seen in DNA polymerases may be important to the catalytic mechanism of RdRPs.
EXPERIMENTAL PROCEDURES
Protein Expression, Purification, and Crystallization-Wild-type RHDV RdRP protein was purified from E. coli XL1-Blue, transformed with the expression plasmid pGEX-3D, and grown on Luria-Bertani medium containing ampicillin (50 g/ml) as described previously (5) . Selenomethionine was incorporated into RHDV RdRP using the methionine auxotroph B834(DE3)pLysS grown in M9 minimal media supplemented with 0.3 mM seleno-L-methionine and 1 mg/liter each of riboflavin, niacinamide, pyridoxine-HCl, and thiamin. In all cases the fusion protein from isopropyl-1-thio-␤-D-galactopyranoside-induced cultures was purified by affinity chromatography on glutathione-Sepharose 4B (Amersham Biosciences, Inc.) and digested with thrombin to release the polymerase as described previously (5) . The buffers used to purify selenomethionine-RdRP were supplemented with 2 mM ␤-mercapthoethanol. The fractions containing the purified polymerase were pooled and mixed with an equal volume of a saturated solution of ammonium sulfate. The precipitates were redissolved at ϳ20 mg/ml in 10 mM Tris-Cl, pH 7.5, and dialyzed for 2 h against 10 mM Tris-Cl, pH 7.5. UTP was added to a final concentration of 1 mM.
Protein (ϳ15 mg/ml) and precipitant solution (10 -12% PEG 8000, 0.1 M Tris-Cl, pH 7.5, 0.2 M sodium thiocyanate, 0.1 M L-proline, 15% (w/v) glycerol, 7% (v/v) 1,6-hexanediol, 0.1% (w/v) CHAPS, 5 mM CaCl 2 , 2 mM MgCl 2 ) were mixed in equal volumes (2 l of each) and equilibrated over the precipitant solution as a hanging drop. Large rod-or plate-like crystals (0.5-1.0 ϫ 0.2 ϫ 0.1 mm) used for data collection were grown by both macroseeding and microseeding over the course of 3-5 days. The space group was P2 1 2 1 2 1 . Selenomethionine-containing crystals grown in this manner were used for data collection, multiwavelength anomalous dispersion phasing, and structure determination.
To grow crystals for high resolution data collection, CaCl 2 and MgCl 2 were replaced with 5 mM LuCl 3 (Aldrich) and grown as described above. To increase the occupancy of divalent metal ions at the active site, crystals were also grown using a precipitant solution of 9% PEG 8000, 0.1 M Tris-Cl, pH 7.5, 50 mM Mg(NO 3 ) 2 , 0.1 M 1,7-diaminoheptane, 15% (w/v) glycerol, 7% (v/v) 1,6-hexanediol, and 0.1% (w/v) CHAPS. These crystals were then soaked in a solution containing 12% PEG 8000, 50 mM NaHEPES, pH 7.5, 18 mM MnCl 2 , 15% glycerol, and 7% hexanediol for 20 h before being transferred to a solution containing the same components plus 10 mM 3Ј-deoxy-ATP (Sigma) and then soaked for an additional 40 min. Crystals soaked for longer times did not show improved electron density for either 3Ј-deoxy-ATP or metal ions. 2 Diffraction Data Measurement and Structure Determination-The structure of RHDV RdRP was determined using the multiwavelength anomalous dispersion technique. Data from a flash-cooled crystal (0.5 ϫ 0.2 ϫ 0.1 mm, quickly adapted to precipitant solution containing 25% glycerol and cooled under nitrogen gas at 100 K) were measured at beamline 9 -2 (Stanford Synchrotron Radiation Laboratory) using an ADSC Quantum-4 detector and processed using the HKL suite (18) . Local-scaling, Patterson searches and phasing calculations were performed using SOLVE (19) . Only 22 of the 26 selenium atoms predicted from the amino acid sequence were located from Patterson or Fourier searches; the missing selenium atoms corresponding to Met-143 and Met-515 were poorly ordered in both copies of the protein in the asymmetric unit and did not give rise to strong peaks in either the anomalous Patterson and Fourier syntheses. Density modification using DM (20) improved the quality of the electron density map (the figure of merit increased from 0.54 to 0.75 (40 -2.7 Å)). The electron density map was skeletonized using MAPMAN, and a main chain trace was constructed using O (21) . Non-crystallographic symmetry averaging was attempted using DM, but the resulting statistics and electron density maps did not indicate significant improvements. An analysis of the refined structure indicates that the two copies in the asymmetric unit differ substantially (root mean squared difference (r.m.s.d.) of 1.2 Å for 482 C ␣ atoms within 3.8 Å of each other following superposition) due to different orientations of the thumb and N-terminal domains relative to the fingers and palm domains. Initial rounds of refinement against a maximum likelihood target function, including experimentally determined phase information, were performed using CNS (22) .
A second data set measured from crystals of wild-type protein crystallized in the presence of 5 mM LuCl 3 was measured at the BM-14-C beamline (BioCARS sector, Advanced Photon Source). The structure built from the multiwavelength anomalous dispersion data was further refined against these higher resolution data. After refining temperature factors for individual atoms, the R-factor was 0.23, and the free R-factor was 0.29. REFMAC v.5.0.36 was then used to refine separate anisotropic temperature factor tensors (23) for the N-terminal, fingers, palm, and thumb domains, further lowering the R-factor to 0.22 and the free R-factor to 0.27. Four residues at the N terminus and 15 residues at the C terminus are too poorly ordered in both copies to be modeled. Residues 181-184 in copy A are also too poorly ordered to be modeled. There are no outliers in the Ramachandran plot with 88% of the 998 residues in the favored regions.
Because of apparently low occupancies of metal ions in this data set, crystallization conditions were further modified in an attempt to increase the occupancies of bound metal ions. It was found that removal of KSCN and replacement with either NaNO 3 or Mg(NO 3 ) 2 increased occupancies (as monitored by the height of the peak corresponding to the divalent metal ion in ( F o Ϫ F c )␣ calc and ( F ϩ Ϫ F Ϫ )␣ calc electron density maps). In a further attempt to improve the occupancies of metal ions and possibly to stabilize a catalytically competent state, the crystal was soaked in 18 mM MnCl 2 for 24 h and then soaked in 18 mM MnCl 2 ϩ 10 mM 3Ј-deoxyadenosine-triphosphate for 45 min. This crystal was flash-frozen at ϳ100 K, and data were measured using CuK ␣ radiation (Rigaku H3R generator, confocal mirrors) and an R-Axis IVϩϩ image plate detector (Rigaku). Refinement and model building was performed on this structure beginning with the fully refined 2.5-Å resolution LuCl 3 cocrystal structure.
RESULTS AND DISCUSSION

Overall Structure and Comparisons with PV and HCV RdRP
Structures-The RHDV RdRP adopts the overall structure of a right hand with domains corresponding to the fingers, palm, and thumb, as seen in the three-dimensional structures of most other polynucleotide polymerases (24) (Figs. 1 and 2). In addition, there is an N-terminal segment bridging the fingers and thumb domains that appears to be unique to the RdRPs (4, 11) . The overall architecture is very similar to that of the PV and HCV RdRPs despite sharing less than 20% sequence identity with PV and only 10% sequence identity with HCV ( Fig. 2) . Superpositions of the PV and HCV structures onto the RHDV structure (accepting C ␣ atoms within 3.5 Å of each other as equivalent) allow the superposition of 233 and 223 C ␣ atoms with an r.m.s.d. of 1.65 and 1.88 Å, respectively. The crystallographic data are shown in Table I .
The N-terminal domain (residues 1-63) consists of two short ␤-strands, one pairing with a ␤-sheet in the fingers domain and one pairing with a ␤-strand in the thumb domain, as well as three long loop segments. This domain forms a bridge between the fingers and thumb domains, which do not interact with each other directly. The N-terminal domain in HCV RdRP (residues 1-49) also forms a bridge between the fingers and thumb domains. However, the conformation of the polypeptide chain, as well as packing interactions with the fingers and thumb domains, differs substantially from what is seen in the RHDV RdRP.
Significant conformational variability in the N-terminal domain (particularly residues 21-24 and 51-64) is seen between the two copies of the RHDV RdRP in the asymmetric unit. These differences in conformation depend on neighboring crystal lattice contacts and likely reflect the intrinsic conformational flexibility of these regions. Conformational flexibility may also explain the apparent disorder in most of the Nterminal domain of the PV RdRP crystal structure (8) . Of the ordered residues in the N-terminal domain of PV RdRP, only residues 23-29 are similar to the RHDV RdRP structure (residues [32] [33] [34] [35] [36] [37] [38] . Residues 12-23 of PV RdRP thread into the active site, thus blocking access of the primer and template RNA into the active site cleft. In contrast, the corresponding segment of RHDV RdRP (residues 21-32) extends away from the active site cleft, leaving room for the binding of RNA (Figs. 2 and 5).
The fingers domain (residues 64 -215 and 259 -312) consists of eight ␣-helices and a five-stranded ␤-sheet (one strand contributed by the N-terminal domain) referred to previously as the "fingertips" in HIV-1 RT and HCV RdRP (10) . Despite sharing virtually undetectable sequence similarity (less than 15% identity), the topology of the fingers domain is very similar to that seen in the HCV RdRP and the ordered parts of the mostly disordered PV RdRP fingers domain. This observation, as well as our own preliminary threading studies, strongly suggests that the fingers domain in a wide range of viral RNA polymerases will share a similar architecture. The ␤-sheet, a long loop (residues 167-193), and an ␣-helix (residues 63-77) form extensive interactions with the N-terminal domain. A feature of the fingers domain unique to RdRP structures is a helix-loop-helix insertion (residues 259 -289) that buttresses the outer face of the fingers domain. Three ␣-helices (residues 85-103, 205-215, and 259 -272) form a well packed interface with a long, buried ␣-helix (residues 312-335) of the palm domain.
The palm domain (residues 216 -258 and 312-384) consists of a three-stranded ␤-sheet (residues 245-250 and 347-360) sandwiched between a pair of ␣-helices (residues 312-335 and 367-378) on one face and a single ␣-helix (residues 230 -241) on the other. The architecture of this domain is the most highly conserved feature of all known polymerases (4) . An analysis of polymerase sequences and structures has identified six recurring motifs responsible for NTP binding and catalysis. The central three-stranded ␤-sheet consists of a ␤-strand (residues 245-250, Motif A) and a ␤-hairpin (residues 349 -360, Motif C) that contains the "GDD" sequence almost universally conserved in the RdRPs (25) . Metal ions that are likely to be involved in the nucleotidyl transfer reaction interact with aspartate residues at positions 250, 354, and 355, as discussed in greater detail below. A long loop followed by a pair of ␤-strands (residues 404 -417) completes the palm domain and forms an interface with the mostly helical thumb domain. This palmthumb interface region is similar in all RdRPs and in HIV-1 RT.
The thumb domain (residues 418 -501 in RHDV RdRP) comprises four ␣-helices and two long loops linking together the first and second and the third and fourth ␣-helices. This domain has a similar structure to that seen in the PV RdRP and reveals a striking difference to that of the HCV thumb domain (Fig. 2) . The long loop or flap (residues 428 -446) connecting the first and second helices is folded away from the active site cleft and packs against the N-terminal domain. In contrast, the corresponding parts of the PV (residues 401-410) and HCV (residues 406 -412) structures are shorter turns. The most dramatic difference among RdRP structures occurs in the loop (residues 483-489) connecting the third and fourth helices in PV and RHDV. In HCV RdRP, this loop is replaced by a long ␤-hairpin insert (residues 446 -462) that occludes the active site cleft. In HCV, replacement of this ␤-hairpin with a short turn allows the enzyme to use double-stranded RNA templates that the wild-type enzyme is unable to use as templates (26) . The shorter loops seen in the PV and RHDV enzymes are consistent with the ability of these enzymes to utilize doublestranded RNA as templates (7) . The HCV RdRP also differs from both PV and RHDV enzymes by possessing three additional helices preceding a unique C-terminal transmembrane segment.
Conformational Differences between the Two Copies in the Asymmetric Unit-The two copies of the RHDV polymerase in The relative positioning of the thumb relative to the palm domain differs substantially between the two copies of the asymmetric unit. Superimposition of the palm domains of both copies shows that the N-terminal region and thumb domain of copy A is rotated toward the palm domain by 8°about an axis roughly lying between the thumb and palm domains (Fig. 3) . Analysis of the conformational change using the program Dyn-Dom (27) identifies the same dynamic domains and pinpoints residues 63-64 and 417-418 as hinge residues.
An analysis of the crystal packing interactions of the two different copies in the asymmetric unit reveals that neighboring molecules in the crystal lattice may stabilize the closed conformation seen in copy A. Crystal packing interactions with the N-terminal domain (residues 5-63) of copy A and the "back" of the palm domain of copy A (residues 246 -253 and 381-384) help to push these domains inward and close off the active site cleft relative to the open conformation of copy B.
Interactions with Metal Ions, Nucleotides, and Nucleic Acids-The RHDV RdRP can be crystallized under conditions of moderate ionic strength and in the presence of divalent cations (Mg 2ϩ , Mn 2ϩ , and Fe 2ϩ ) that are required for catalyzing the nucleotidyl transfer reaction (5, 6) . The conformations adopted by the two active sites present in the asymmetric unit can vary dramatically depending on the ions present in the mother liquor of the crystals and on the different crystal packing environments surrounding each active site (Fig. 4) . In the high resolution (2.5 Å) structure of the crystals grown in the pres-ence of Lu 3ϩ , one Lu 3ϩ ion is bound between the side chain carboxylate groups of Asp-354 and Asp-250 in copy A (Fig. 4A) . The electron density and refined temperature factor for the Lu 3ϩ ion indicate partial occupancy (ϳ0.2), as does the longer than expected coordination distances (2.5-3.0 Å) between the carboxylate oxygens and the Lu 3ϩ ion. Despite the apparently low occupancy, the Lu 3ϩ ion contributes significant anomalous scattering that is easily detectable in an anomalous differences Fourier map. On the other hand, in copy B, there is no indication of an ion binding between Asp-354 and Asp-250, but there is a peak between the carboxylate group of Asp-355 and the main chain carbonyl oxygen of Leu-249. This Lu 3ϩ ion refines to even lower occupancy (Ͻ0.2), and the coordination distances are also longer than expected (Fig. 4B ). In the presence of Lu 3ϩ , copy B of the polymerase adopts an open conformation in which the active site aspartic acid residues are clearly too far apart from each other to coordinate to metal ions in an active configuration. Copy A adopts a more closed conformation in which the active site aspartic acid residues are nearly close enough together to adopt a fully active conformation. Altering the ionic environment of the crystals can increase the occupancies of the Lu 3ϩ ions at the enzyme active site, but the quality of diffraction appears to worsen. 3 In the presence of 18 mM MnCl 2 and 10 mM 3Ј-deoxy-ATP, the active site of copy A tightens up even more. Two Mn 2ϩ ions are clearly bound between the two carboxylate side chains of Asp-354 and Asp-250 and the main chain carbonyl oxygen of Tyr-251 (Fig. 4C) . The coordination distances between oxygen atoms and metal ions are reasonable (1.9 -2.1 Å), and the occupancies of the metal ions refine to ϳ0.8. This closed conformation of copy A is probably the active form of the enzyme because the ion coordination closely matches with that seen in active enzyme⅐NTP⅐primer-template complexes formed by related DNA-dependent DNA polymerases and the HIV-1 reverse transcriptase (13, 28) . In agreement with this hypothesis, pre- vious studies have demonstrated that Asp-354 could not be replaced by any other amino acid residue; even a conservative Asp to Glu substitution completely abolished enzyme activity (5, 6) . In addition, point mutant studies directed at Asp-250 also resulted in inactive polymerase proteins when this residue was substituted either by Ala, Asn, or Glu, further supporting the involvement of Asp-250 in ion binding. 4 Although 3Ј-deoxy-ATP is present in the crystals, electron density corresponding to the nucleotide is not clearly defined. There is additional electron density near the metal ions, which has been, at pres-ent, modeled as water molecules (Fig. 4C ), although this most likely results from a mixture of solvent molecules and portions of a poorly ordered nucleoside triphosphate. In the presence of Mn 2ϩ , the active site of copy B is more open than that of copy A and is similar to the active site conformation seen in copy B of the Lu 3ϩ -containing crystals.
Although the polymerase active site is buried in the center of the protein, distant and indirect crystal packing forces appear to stabilize the alternate conformational states of the active site seen in the different copies of the asymmetric unit. As described above, crystal packing forces stabilize small rotations of the thumb domain and the back of the palm domain toward the center of the palm in copy A. These domain rotations may help stabilize a conformation that is competent for the binding of catalytic metal ions, NTPs, and RNA substrates. In contrast, crystal packing forces around copy B cause the back strand in the central ␤-sheet of the palm domain (Motif A, residues 245-250) to be displaced slightly relative to the central ␤-hairpin (Motif C, residues 349 -360). As a result, Asp-250 adopts a different rotamer and is too far from Asp-354 to coordinate a metal ion. Consequently, the active site in copy B adopts an inactive conformation.
Because the palm domain of the RHDV RdRP is very similar to the palm domains of the DNA-dependent DNA polymerases from T7 phage (29) , Thermus aquaticus (Taq) (30) , and RB69 phage (31) , as well as to the reverse transcriptase from human immunodeficiency virus-1 (HIV-1) (28), it is possible to model the interactions of a nucleotide triphosphate and a primertemplate duplex with the RHDV RdRP (Fig. 5 ). This modeling shows that the active site cleft of the RHDV RdRP (copy A) can accommodate a primer-template duplex without major steric clashes. The positively charged side chains of lysine and argi- The active site residues and metal ions were used to generate the superposition. Fingers domain, red; palm, cyan; thumb, blue. The RNA backbone is drawn in yellow with gray bases. A and B, front and side views, respectively. C, stereo view of the superposition of the central ␤-sheet of the palm domains from copy A of RHDV RdRP (residues 350 -358 and 248 -253 from the Mn 2ϩ ⅐3Ј-dATP complex; blue) and HIV-1 RT (residues 181-189 and 108 -113 from the TTP ϩ DNA duplex complex, yellow) (28) . Mn 2ϩ ions from the RHDV structure and the nucleoside triphosphate and a small portion of the primer-template duplex from the HIV structure are also shown. nine residues also appear poised to interact with the phosphodiester backbone of the primer-template duplex (Arg-404 and Lys-114, Lys-134, and Lys-403 near the primer and Arg-434 and Lys-26, Lys-173, and Lys-213 near the template) and the triphosphate moiety of the nucleotide (Arg-177 and Arg-188 and Lys-403). Arg-177 corresponds to Lys-65 in HIV-1 RT, which interacts with the ␥-phosphate of the NTP bound in the ternary complex of that enzyme (28, 32) .
As shown in Fig. 2, in contrast to the open active site cleft of RHDV RdRP (copy A), the structure of PV RdRP shows that a segment from the N terminus lies in the active site cleft, and the presence of disorder in much of the fingers and N-terminal domains prevents a detailed prediction of RNA substrate binding to PV RdRP (8) . In HCV RdRP, two loops from the thumb domain, as well as a segment of the C-terminal polypeptide, sterically occlude the active site cleft from the binding of primer-template duplexes (9 -11) . These segments of the HCV enzyme must move out of the active site cleft to allow RNA and nucleoside triphosphate to bind to the enzyme (26) .
The palm domains of the PV and HCV apoenzyme RdRP structures also do not bind divalent metal cations in a conformation expected for the active holoenzyme. The position of the first ␤-strand of the palm domain (residues 228 -234 in PV and 221-227 in HCV) is similar to the slightly displaced position of the corresponding ␤-strand (245-251) in the open copy B of the RHDV polymerase. As discussed above, this slightly displaced position prevents Asp-250 in the RHDV enzyme (corresponding to Asp-233 in PV and Asp-226 in HCV) from coordinating to the same metal cation as Asp-354 (corresponding to Asp-328 in PV and Asp-324 in HCV), which is presumably required for catalysis to occur. Thus, copy B of the RHDV enzyme, as well as the apoenzyme structures of PV and HCV RdRPs, may represent an open state that does not contain the metal binding configuration expected for catalyzing the addition of a nucleotide to a nucleic acid primer. The repeated observation of an open conformation in three structures of apo forms of RdRPs suggests these enzymes may prefer to adopt a catalytically inactive "ground state," which can be activated to a catalytically competent state by the binding of a nucleic acid primer and template, divalent metal cations, and nucleotide triphosphate. The presence of open and closed conformational states in DNA-dependent DNA polymerases, as well as reverse transcriptases, has been documented previously using crystallography (13), limited proteolysis (33) , and electron spin resonance (34) .
Additional conformational changes involving small rotations of the thumb and finger domains may be required for the formation of an active ternary complex that would include nucleotide triphosphate and the RNA primer-template duplex. Slight steric clashes occur with the fingers and N-terminal domains when the primer-template duplexes from other polymerase⅐DNA complexes are docked into RHDV RdRP. Also, the thumb domain may be expected to close down onto the primer-template duplex to a greater extent than that seen even in copy A of the apo-polymerase crystal structure. Experimental structure determination of the RHDV RdRP complex with nucleotide triphosphate and an RNA primer-template duplex will yield detailed information on the conformational changes that accompany different steps of the enzymatic cycle. This information will be of great utility in the design of specific enzyme inhibitors as antiviral drugs. For example, non-nucleoside HIV-RT inhibitors that stabilize the polymerase in an inactive conformation are now routinely used to treat AIDS (35) .
